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Abstract 
This paper proposes a novel day-ahead dynamic economic dispatch model for the wind integrated power system, 
aiming to minimize the total cost of generation and reserve capacity of all units. The proposed model is formulated as 
a chance-constrained stochastic nonlinear programming (CSNLP) problem, in which the constraints of regulating 
characteristics of units are taken into account. A two-stage iterative algorithm, based on sequential quadratic 
programming (SQP) method and chance-constraint checking, is developed to solve the CSNLP efficiently. Finally, 
the proposed dispatch strategy is illustrated in an IEEE30 power system with six generators and a wind farm. 
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1. Introduction 
Dynamic economic dispatch in day-ahead framework plays a very important role in safe and 
economic operation of power system, especially when the wind power injection keeps growing rapidly 
nowadays[1]. Thus, it is vital for the dispatchers to make a feasible and economical day-ahead economic 
dispatch plan to cope with uncertainties of wind power. Researches on dynamic economic dispatch 
problem of wind integrated power system has made great progress[2-4], but how to allocate the generation 
and reserve capacity to each unit jointly and optimally is little to be concerned. Actually, on one hand, 
with the maturity of the day-ahead ancillary services market, power grid operators must take the cost of 
reserve capacity into account when making a dynamic economic dispatch plan; on the other hand, the 
increasing demand for reserve capacity due to wind power injection makes its cost be that cannot be 
ignored. Thus, this paper proposes a novel day-ahead dynamic economic dispatch model, which aims to 
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minimize the total cost of both generation and reserve capacity. This model is formatted as a chance-
constrained stochastic nonlinear programming problem, and a two-stage iterative algorithm is developed 
to solve it efficiently. 
2. Regulating characteristics of generator considering reserve capacity 
2.1. Output range constraints of generator 
Two types of reserve are considered in this paper, one is the AGC reserve, the other is the emergency 
reserve. AGC reserve consists of ramp-up capacity and ramp-down capacity that will be released once 
there exits power mismatch caused by the forecast error of load or wind power. Emergency reserve is 
used to cope with the emergency situation, during which the whole system suffers loss of generation 
capacity due to generator outage. 
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Fig. 1. output range of generator                                            Fig. 2. control scheme of power balance 
As shown in Fig.1, the AGC ramp-up and ramp-down reserve, bought by from generator i during time 
interval t, must satisfy the constraints shown in (1) . 
G , , G max max,min( , )i t i t i iP U P A d   ,  G , , G min min,max( , )i t i t i iP D P A t                       (1) 
Once there exits  “N-1” generator outage, the other ones must release the emergency reserve of their 
own to compensate the lost generation capacity, so the constraint shown in (2) must be satisfied. 
G , , , G max max,min( , )i t i t i t i iP U R P A  d                                               (2) 
What’s more is that the ramp speed of generators must be fast enough to release the reserve, just as 
the three constraints shown in (4). 
, 1 upi t iU T rd , , 1 downi t iD T rd , , 2 upi t iR T rd                                             (3) 
rupi and rdowni are ramp-up and ramp-down speed of the generator. According to the standards in [6], 
AGC must balance the power mismatch in 5 min, while the emergency reserve should be fully released to 
compensate the  generation loss in 10 min, thus, T1 and T2 can be set to 5 min and 10 min respectively. 
2.2. Regulating characteristic of generator 
As shown in Fig.2, compensations to the power mismatch during time interval t caused by the forecast 
error of load or wind power, are allocated to each AGC unit according to the proportion vector kt, which 
is shown in detail in (4) . 
 1, 2, ,, , , Gt t t N tk k k k                                                            (4) 
Thus, the adjusted output of generator i during time interval t is as follows. 
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When generator j is out of service during time t, the adjusted output of generator i is as follows. 
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              (6) 
While in (5) and (6), PGi,t and PcGi,t are the planned output and adjusted output of generator i during 
time t,  PLs,t and PW,t are the value of load and wind power during time t respectively.  NG and NL are the 
number of generators and loads respectively. rt [r1,t, r2,t,}, rNG,t] is the proportion vector of allocating the 
emergency reserve, and (7) must be satisfied. 
G1, 2, , ,
, , 1, 0 1t t N t i tk k k k   d d    ,   G1, 2, , ,, , 1, 0 1t t N t i tr r r r   d d             (7) 
2.3. The purchase constraints of reserve 
The purchase constraints of reserve, shown in (8), tell that the power grid buy the AGC reserve and 
the emergency reserve in each time interval t according to the proportion vector kt and rt . 
, , , , , , T, , , 1i t i t t i t i t t i t i t tU k U D k D R r R t N    d d                                  (8) 
Ut ǃDtǃRt are the total volume of AGC ramp-up reserveǃAGC ramp-down reserve and 
emergency reserve  respectively in time interval t brought by the power grid. Just as shown in (10), 
vectors  kǃrǃUǃDǃR , formed respectively by  ktǃrtǃUtǃDtǃRt  of each time interval t, are the 
variables to be optimized. Once knowing their values, variables like Ui,tǃDi,tǃRi,t can be determined. 
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3. Model formulation 
Actual wind speed can be seen as the sum of forecasting value and forecasting error, while the error 
can be modelled by normal random variable with 0 mean values. Then the output of  wind farm can be 
calculated according to the function shown in [1]. Objective function and constraints are list as follows. 
3.1. Objective function 
Taking the total fuel cost as the generation cost, while the total payment for the AGC reserve and 
emergency reserve as the reserve cost, the objective function can be expressed as (12), in which aiǃbiǃ
ci are the cost coefficients of the generator i,  DiǃEiǃJi are the prices for each kind of reserve. 
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2
G , G , , , ,
1 1 1 1
min [ ( ) ] ( )
N NN N
i i t i i t i i i t i i t i i t
t i t i
f a P b P c U D RD E J
    
     ¦¦ ¦¦                 (10) 
3.2. Constraints 
Conventional constraints, like generator output range constraintsǃ ramping constraintsǃpower 
balance constraints and so on, are not discussed in this paper due to the length limit. 
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The reserve constraints consist of the ones shown in (1) to (10) demonstrated in Section 2. What’s 
more is that the emergency reserve scheduling plan should satisfy the following constraints to guarantee 
that the loss of generation capacity, during each generator outage, can be compensated completely. 
G1, 1, 1, , G ,t j t j t N t j t
R R R R P     t                                           (11) 
The demand for AGC reserve can be expressed as a chance constraint. A stronger format of it 
considering the “N-1” generator outage is as follows. K is the confidence probability.  
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Network security constraints are shown in (13), where Aj is the injection matrix of line j. LinejP  is the 
power limit of line j. 
G, L, W, LinePr{ ( ) }j t t t jP Kc   d tA P P P   ,    G, L, W, LinePr{ ( ) }j t t t jP Kc   t  tA P P P          (13)  
4. “Two-stage” algorithm 
4.1. Constraints Transformation of chance constraints 
The CSNLP problem proposed in this paper is hard to solve. So, a step by step transformation method 
is used to simplify the original one, shown as in Fig. 3. The nonlinear chance constraints in (17) and (18) 
can be rewritten with a standard form in step 1. In some constraints, the stochastic variables and the 
deterministic variables to be optimized can be decoupled, while the others not, just as shown in step 2. So, 
a quantile, which can transform the decoupled chance constraint into a deterministic one, can be found 
according to Ș as shown in step 3. The variables in (13) cannot be decoupled in step 2, so a deterministic 
constraint is used to relax the original problem as follows in step 3. 
Line G, L, W, Line( )j j t t t jP Pc d   dA P P P                                               (21) 
In the final step4, all the deterministic constraints compose a new NLP problem. After getting its 
solution, a constraints checking, based on random test, is proposed. Adjustment of the parameter can be 
determined according to the checking result. 
4.2. Method to calculate quantile 
A Bootstrap based sample average algorithm is proposed to estimate the quantile as follows: 
1) do the Mth sampling, M>0 
2) get the N samples of load and wind power using Monte Carlo method, then calculate the sample 
values of ȟ=(ȟ1 ȟ2ĂȟN) 
3) arrangement the samples of ȟ in ascending order 
4)   12M N Ns E E[ [« » ª º¬ ¼ « »  as the Mth estimation value 
5) Calculate the means and variance of 1 2( )Ms s s  , denoted as  s and  2V  
6) If 2V  is smaller than the threshold, then output the s as the quantile, otherwise M=M+1, go to1) 
4.3. Checking Method 
The random test is proposed as follows: 
1048   Luo Chao et al. /  Energy Procedia  75 ( 2015 )  1044 – 1051 
1) To the time internal t , get the N samples of load and wind power using Monte Carlo method, 
then calculate the samples of ȟ 
2) calculate the power flow of line j according to each sample, then the number of samples, which 
satisfy the chance constraints (13), is denoted as n 
3) if  n/NtKthen go to 4), otherwise, decrease LinejP  by P'  , then go back to the NLP solving. 
4) t=t+1, go to 1) 
4.4. Flow chart of the algorithm 
The flow chart of the whole proposed algorithm, which can be called “two-stage” algorithm, is shown 
in Figure 4. In Stage 1, a relaxed deterministic NLP problem is solved with sequential quadratic 
programming[5], then in Stage 2 the power flow limit of line is adjusted according to the checking results. 
The iteration process will keep going on until all chance constraints are satisfied. 
^ `2Pr f ( , ) 0 Kd tx ȟ 1f ( , ) 0dx ȟ
^ `3 4Pr f ( ) f ( ) Kd tȟ x ^ `3Pr f ( , ) 0 Kd tx ȟ
4f ( ) z ptx
max max
Linej LinejP P P '
 
Fig. 3. output range of generator                                            Fig. 4.  Algorithm flow chart 
5. Case study 
A case study is proposed in the modified IEEE30 system with a 300MW wind farm connected to the 
Bus15 as shown in Fig.5(a). The cut-in/rate/cut-out wind speed is 3.5/13.5/25 m/s respectively. The 
power flow limits of line12-13ǃ9-11ǃ9-10 is 350, 250, 350MW respectively, and the others are 
210MW. Number of time intervals is 24. The forecast errors of wind speed increase from 5% to 16.5% 
linearly. K=0.95,ǻP=10MW.  
The forecast values of load and wind speed in each time interval are shown in Fig.5(b). The optimal 
generation plan is shown in Fig. 5(c). The optimal distribution proportion k of the AGC reserve in each 
time interval is demonstrated in Fig.5(d). The optimal distribution proportion r of the emergency reserve 
in each time interval is demonstrated in Fig.5(e). The total capacity of AGC reserve and emergency 
reserve are shown in Fig.5(f) respectively. It’s obvious that Gen 1 and Gen 5, which have large capacity 
but slow ramp speed, are mainly to afford generation capacity, while little reserve. On the contrary, Gen 3 
and Gen 6, which have small capacity but high ramp speed, are mainly to afford reserve capacity. Gen 4 
has a compromise between capacity and ramp speed, so it is mainly to afford reserve capacity during light 
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load intervals (1-7), while generation capacity during heavy load intervals (8-21). As shown in Fig.5(d), 
the distribution proportion of AGC reserve among generators is approaching to the ramp speed ratio 
(dotted line) of generators, with the increasing of AGC reserve of the whole system. So, ramp speed is a 
critical factor when scheduling reserve. As shown in Fig.5(f), ramp-down AGC reserve during interval 8-
12 and 21-24 seems much less than ramp-up AGC reserve apparently. It’s because that the forecast values 
of wind speed during these intervals are close to the rate speed of wind turbine, real output is limited by 
its pitch-angle control, so much more ramp-up AGC reserve are needed to cope with the situation when 
the actual output of wind farm is smaller than the forecast values. So scheduling the AGC reserve 
according to operation conditions during different intervals seems more economical than just buying 
equal capacity of ramp-up and ramp-down reserve.  
The solving process is shown in Tab.2. In 1st iterationˈthe random test shows that power flow of 
Line4-12 violates the chance constraint during t=15ǃ16 with outage of Gen 6 (0.925<0.95, 0.888<0.95), 
then the power flow limit of this line is reduced by P=10MW. The NLP problem is solved again with 
the updated constraints. This iterating keeps going on until the 6th step, in which power flow of all lines 
satisfies the chance constraints. 
Tab.1  Parameters of conventional generators 
Num Bus Pmin(MW) Pmax(MW) ai($/MW2) bi($/MW) ci($) ru(MW/min) rd(MW/min) ¢i £i ¤i 
1 1 50 350 0.00275 9.6 130 2.3 2.3 17.7 15.4 15.2 
2 2 50 240 0.00295 12.2 110 4.5 4.5 14.1 13.1 16.1 
3 5 80 200 0.00225 13.7 120 8.2 8.2 13.89 11.8 14.2 
4 8 50 250 0.00334 11.5 110 4.6 4.6 16.74 12.51 15.3 
5 11 50 350 0.0045 9.5 120 2.7 2.7 18.14 15.34 13.7 
6 13 50 230 0.00215 12.6 100 7.9 7.9 13.53 11.23 14.6 
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Fig. 5. The results of case study 
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Tab.2 Process of iteration 
Iteration Line Interval  Probability 
1 Line4-12 T=15ˈOutage of Gen 6 0.925 
 Line4-12 T=16ˈOutage of Gen 6 0.888 
2 Line4-12 T=15ˈOutage of Gen 6 0.929 
 Line4-12 T=16ˈOutage of Gen 6 0.918 
3 Line4-12 T=15ˈOutage of Gen 6 0.9322 
 Line4-12 T=16ˈOutage of Gen 6 0.9354 
4 Line9-10 T=16ˈOutage of Gen 6 0.846 
5 Line9-10 T=16ˈOutage of Gen 6 0.9317 
6 ü ü ü 
6. Conclusions 
In this paper, a dynamic economic dispatch model for wind integrated power system is proposed. This 
model aims to optimally schedule the generation and reserve capacity among all the units, considering both 
the fuel cost and reserve cost. A step by step method is used to transform the chance-constrained stochastic 
nonlinear programming problem into a deterministic nonlinear programming problem, and a “two-stage” 
algorithm is developed to solve it.  
Case study in IEEE30 system with wind farm demonstrates the correctness of the proposed model and 
the effectiveness of the “two-stage” algorithm. Moreover, the results shows that the capacity and ramp 
speed of generators have a significant influence on the optimal scheduling of reserve. So the power system 
operators must make the scheduling plan of reserve according to the operation condition of each dispatch 
interval.  
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